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Neurotransmitter release is well known to occur at specialized synaptic regions that include presynaptic active zones and postsynaptic densities. At cholinergic synapses in the chick ciliary ganglion, however, membrane formations and physiological measurements suggest that release distant from postsynaptic densities can activate the predominantly extrasynaptic a7 nicotinic receptor subtype. We explored such ectopic neurotransmission with a novel model synapse that combines Monte Carlo simulations with high-resolution serial electron microscopic tomography. Simulated synaptic activity is consistent with experimental recordings of miniature excitatory postsynaptic currents only when ectopic transmission is included in the model, broadening the possibilities for mechanisms of neuronal communication.
Throughout the nervous system, release of synaptic vesicles from presynaptic nerve terminals is thought to be associated with pre-and postsynaptic specializations, including active zones (AZs) and postsynaptic densities (PSDs). Release of neurotransmitter vesicles at extrasynaptic sites (ectopic release) has been suggested by the presence of morphologically docked vesicles distant from PSDs in electron micrographs from tissues, including the ribbon synapses of bipolar neurons (1) and saccular hair cells (2) . Recently, direct measurements of quantal release have been made from climbing fibers in the cerebellar cortex onto the closely apposed Bergmann glia (3) . Despite these findings, there has been no demonstration of the participation of ectopic release of neurotransmitter in the course of interneuronal synaptic transmission.
At the structurally complex and umbrellalike calyceal synapse of the ciliary ganglion (CG), the case for ectopic release has been growing. Two major classes of kinetically distinct nicotinic acetylcholine receptors (nAChRs) are spatially segregated in the CG (4-6). The a7-nAChRs are expressed on matted spines but are largely excluded from PSDs regardless of where they occur (7) (8) (9) . The a3*-nAChRs (6) are primarily localized to PSDs (whether on spines or somatic membrane) but are present at lower density on non-PSD membrane (4, 9, 10) . The a7-nAChRs exhibit profound desensitization, an order of magnitude faster decay time, and an open probability lower by a factor of 30 than that of a3*-nAChRs (11) (12) (13) .
The segregation of the two nAChR subtypes, especially the exclusion of a7-nAChRs from PSDs, has made it difficult to interpret physiological measurements that show that the a7-nAChRs account for the majority of current in evoked EPSCs (11, 12) , are necessary to sustain higher frequency throughput (11, 14) , and produce distinct Ca signals localized to spines (15) . Images of presynaptic vesicles within docking distance (ready to release), as well as W profiles (the image capture of fusing vesicles), are seen throughout the calyx, including at loci far from PSDs (4). These findings have challenged the assumption that synaptic transmission is limited to traditional PSDassociated AZs in the CG and suggest that neurotransmitter is released ectopically (15) .
The characteristic geometry of the CG, combined with its specialized molecular properties, is well suited to exploring detailed properties of synaptic transmission. Here, we present an accurate three-dimensional (3D) model of synaptic topology with 9-nm resolution derived from electron tomography (5, 16) , combined with Monte Carlo reaction/diffusion algorithms (MCell, www.mcell.cnl.salk.edu) that use 3D random-walk diffusion steps while tracking the probabilistic interactions of individual molecules governed by kinetic rate constants (17) (18) (19) (20) (21) (22) (23) (24) (25) . The model makes surprising predictions about the behavior of the two classes of nAChRs within functional microdomains and also provides evidence that synaptic transmission in the CG requires ectopic neurotransmitter release.
Model assembly. An MCell model is comprised of a description of the 3D geometry of the system along with molecule distributions and kinetics. Pre-and postsynaptic membrane surfaces were digitized from a 3D reconstruction of a CG spine mat derived from serial-section electron tomography (4.4 nm/ voxel) as described in (16) and as applied to the CG (4, 5, 26) . The pre-and postsynaptic membrane contours were first traced manually in each slice of the tomographic volume (Fig. 1A) and then transformed into triangle mesh surfaces (Fig. 1 , B and C) using the well-established marching cubes method from the field of computational geometry (27) (fig.  S1 ). The postsynaptic surface was segmented into PSD and non-PSD regions, populated with nAChRs and acetylcholinesterase (AChE), and associated with presynaptic vesicle release sites (Fig. 1D) . A close-up of one release site (200 ms after ACh release) with many components is presented (Fig. 1E) . Distribution densities are a3*-nAChRs at 3600/mm 2 in PSD membrane and 80/mm 2 elsewhere (10), and a7-nAChR at 3600/mm 2 on spine membrane only (4) . The number of ACh molecules per vesicle is 5000 (17) , and the density of AChE is 3000/mm 2 uniformly (28, 29) . Simulation with MCell requires that the structural model be annotated with reaction mechanisms, rate constants, and spatial information regarding release sites and molecular components. These values were determined from published information (26) ( fig. S2) .
MCell counts the number of each molecular species in every state after each Monte Carlo time step (1 ms here). Figure 2A shows examples for the reaction of ACh with a3*-and a7-nAChRs in their various states: single-bound (red), double-bound closed (green), doublebound open (referred to as O-state henceforth) (black), and desensitized (blue; a7-nAChRs only).
Site-dependent mEPSC variability. Several vesicular release sites were chosen as simulation cases encompassing a variety of receptor subtype configurations and spatial geometries (Fig. 2B) . One hundred trials were performed at each site. A composite of the averaged O-state response illustrates the wide variety of mEPSCs predicted according to the relative contributions of a3*-and a7-nAChRs and their spatial locations (Fig. 2C) . [It is curious that the amplitudes of responses at both PSD sites (1 and 2) differ by a factor of 2, the difference being that site 2 is surrounded by a7-nAChRs.]
Model sensitivity. We determined the sensitivity of our CG model to individual parameters. On the basis of their predominant receptor environments, site 1 was selected for a3*-nAChR and site 5 for a7-nAChR simulations. There was no sign of response saturation up to the maximum of 20,000 ACh molecules per quantum, which suggests additional ligand capacity in the system (Fig. 3A) . The a3*-nAChR response was more sensitive to ACh than that of a7-nAChRs. The manipulation of K þ as an independent variable showed that the original a3-nAChR K þ lies in the relatively insensitive, low part of the curve, whereas the original K þ for a7-nAChRs is located in the steepest part of the curve (Fig. 3B ). Responses to a3*-nAChRs are more sensitive to changes in their respective receptor density than are a7-nAChR responses (Fig. 3C ), but both exhibit residual capacity. The original density value for AChE lies at an efficient point (more AChE would not greatly reduce cleft ACh) (Fig. 3D ). Although the simulated transient mEPSC events were far from equilibrium, the data ( Fig. 3 , A to D) were fit with equations derived from the equilibrium reaction mechanisms for the a3*-and a7-nAChRs as a benchmark (26, 30).
We quantified the effects of individual parameter changes on model output by taking the first derivative ( f ¶)-a measure of rate of change-of the curves from the sensitivity analysis at the point representing original conditions. To create a general measure of sensitivity suitable for cross comparison, we normalized the derivatives by multiplying by the ratio of the x-and y-axis values corresponding to the same point [ f ¶-norm 0 ( f ¶)(x o /y o )]. The unitless f ¶-norm values for a3*-nAChRs (with respect to ACh, AChR, AChE, and K þ ) were 1.88, 0.91, -0.42, and 1.48; and for a7-nAChRs were 1.34, 0.69, -0.38, and 0.85, which suggests that the model was most sensitive to changes in number of ACh molecules per quantum.
Population mEPSC responses. To simulate population mEPSC responses, we programmed our model for 100 releases at each of 550 sites that represented vesicles within 5 nm (docking distance) of the presynaptic membrane in tomographic reconstructions of our CG volume (5). The peak mean open channel response for a3*-nAChR responses was 1.3 channels (Fig. 4A ) and that for a7-nAChR responses was 2.13 channels, including 45 failures (Fig. 4E ). Frequency histograms showing the distributions for the peak open channels, as well as the rise (20% to 80%) and fall times (t), were also constructed for a3*-nAChRs (Fig. 4 , B to D) and a7-nAChRs (Fig. 4, F to H) . Differences in the distributions, including skew, median, and tightness, reflect variations in, and the importance of, spatial domain (Figs. 2 and 5) and kinetic properties.
If one assumes a single-channel conductance of 68 pS for a7-and 37 pS for a3*-nAChRs (13), then the corresponding mean 
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On the basis of the difference between the simulated mEPSC amplitudes in the presence and absence of the 3-pA threshold, the true mean mEPSC amplitude, accounting for lost events, is predicted to be two-thirds to three-quarters the size of that measurable experimentally.
Local Interactions between nAChR subtypes. To visualize the spatial distribution of the mEPSC population, the location of each release site was mapped onto the postsynaptic surface of our model volume, and the radius of a sphere marking each site was scaled in proportion to the corresponding mean Ostate response amplitude (Fig. 5A) . It was observed above that the a3*-nAChR O-state amplitude at site 2 was half that of site 1 (Fig.  2C) , even if both were PSD release sites, suggesting an effect of a7-nAChRs on a3*-nAChR O-state around site 2. The population of 550 mEPSC simulations was reexamined with the a7-nAChRs turned off (blockade of a7-nAChRs), and the a3*-nAChR mEPSC amplitudes (number of open channels) were compared in the two conditions by subtraction (without a7-nAChRs minus with a7-nAChRs, Fig. 5B, left) and by percent increase (Fig. 5B,  right) . Positive changes are represented by yellow spheres and negative differences by cyan. The net effect of blocking a7-nAChR activity is an increase in the mean a3*-nAChR mEPSC amplitude from 1.27 to 1.36 open channels, a 7% rise (Fig. 5C, left) . Responses gaining the most absolute amplitude were located on PSDs. The lack of cyan spheres over PSD areas that are surrounded by a7-nAChRs emphasizes the local interactions between the two nAChR subtypes (Fig. 5B, left) . The locations of responses that exhibited the largest percentage increase in amplitude were regions where the smallest a3*-nAChR mEPSCs are normally produced (usually from non-PSD spine-regions, Fig. 5B, right) . When we imposed a 3-pA detection threshold on the data, the mean a3*-nAChR mEPSC amplitude paradoxically declined 12% from 1.95 to 1 .74 open channels (Fig. 5C, right) . Under 
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Testing the prediction of ectopic release. The mechanism of activation of extrasynaptic receptors (primarily a7-nAChRs) that contribute significantly to the evoked synaptic response has been debated (3, 11, 12, 14, 31) . In our population mEPSC simulations, we released vesicles at pan-calyceal sites (both PSD and ectopic), based on the observation that synaptic vesicles are widely distributed in the CG presynaptic terminal within 5 nm of the release face membrane (5) . Thus far, we have kept the size of the vesicles uniform to better understand the effect of location and local geometry on synaptic response.
In addressing the issue of ectopic release, however, it was necessary to compare a mEPSC data set recorded from CG in situ (11) to a simulated data set based on a better estimate of vesicle size distribution. We measured synaptic vesicle lumen diameters from the reconstructed 3D tomographs (26) (mean 0 49.0 nm T 6.0) (Fig. 6A ). This new distribution of vesicles (Fig. 6B ) was adjusted volumetrically for the mean number of ACh molecules required to align our simulated mean mEPSC amplitudes with those from CG recordings (11) . We cannot conclude, however, the actual number of molecules of ACh/vesicle without further experiments.
A new mEPSC population was created by sampling the distributed vesicle population 100 times for each of the 550 release sites (Fig. 6, C and D) . These data are presented in histogram form along with mEPSC histograms from CG whole-cell recordings (blue bars) (11) (Fig. 6, C to E) . The mEPSC distributions from ectopic and PSD regions were considered separately and together (pan-calyx) when expressed as cumulative probability plots and compared with the results from whole-cell recordings. Additional simulations that included a7-nAChRs (with a3*-nAChRs) in the spine PSDs, at an equivalent density to non-PSD areas, were also included to determine the impact of the PSD exclusion of these receptors (Fig. 6E) . Visual inspection of these data suggested a closer fit by either ectopic-only or pan-calyx events than by PSDonly events or mEPSC populations that include a7-nAChRs in the spine PSDs. The PSD-only population features a higher proportion of larger amplitude mEPSCs.
To quantitatively assess ectopic release contributions, distinct simulated mEPSC populations were generated by varying the fraction of vesicles released over PSDs (i.e., 1-ectopic fraction) and by varying the mean number of ACh molecules per quantum. The fraction of PSD vesicles was varied from 0 (i.e., 0% PSD vesicles and 100% ectopic) to 1 (i.e., 100% PSD and 0% ectopic). Simultaneously, the mean number of ACh molecules per quantum was varied from 5,000 to 15,000. The goodnessof-fit of each of these populations when compared with the population of experimentally recorded mEPSCs (11) was measured by the Kolmogorov-Smirnov test. The P value of the goodness-of-fit is shown in grayscale on the plot ( Fig. 6F ; darker gray indicates better fit). This analysis demonstrates that mEPSC distributions with a high fraction of ectopicreleased vesicles best match the recorded data.
Extrasynaptic receptor activation. The impact of spatial-kinetic interactions on principal events in the course of synaptic transmission, including neurotransmitter spillover and the importance of extrasynaptic receptors, is unclear (e.g., 32-34). We addressed the question of ectopic vesicle release in the CG by quantitative comparison of the distributions of our simulated population of mEPSCs with those previously recorded from intact CGs (11) . We concluded that ectopic vesicle release is likely the dominant component of synaptic transmission in the CG. The best fit to nearly 0% PSD release is a likely result of variations with model parameter values; any uncertainties could change the quantitative outcome (percentage of allowable PSD release) but would not change the qualitative conclusion of a substantial ectopic release requirement.
Awareness of the important role of ectopic release at synapses is growing and challenging long-standing notions about synaptic structure and function (3) . The function of non-PSD release in the CG specifically is probably closely linked to the specialized properties and function of a7-nAChRs, with their unique kinetics (11) , calcium signals (15) , and gene regulation (35) . In future experiments, an analysis of the kinetic properties of the mEPSCs recorded from intact CG, as well as the effects of nonuniform release probabilities, will be incorporated into the model. Sensitivity analysis. The source of mEPSC distribution variability has been attributed variously to the size of synaptic vesicles and the concentration of agonist in the cleft (25, 30, 36) , the density of postsynaptic receptors (37), the release-site location or local environment (36) , and the stochastics of receptor flickering (18) . Our model CG is most sen- 
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www.sciencemag.org SCIENCE VOL 309 15 JULY 2005 sitive to the number of ACh molecules released into the cleft, implicating vesicle size as the primary source of variability (see normalized derivative sensitivity above; Fig. 3 ). The relative insensitivity of the O-state for nAChRs to variations in AChE densities in the vicinity of empirical measurements echoed those findings of previous Monte Carlo simulations in spatially synthetic conditions (19, 20) .
Functional microdomains. Our results indicate that a single quantum of ACh is able in most cases to reach some a7-nAChRs, consistent with reports indicating that both spontaneous and evoked synaptic responses are known to be mediated by both receptor types (11, 12, 14) . In the case of site 1 (Fig.  2B) , a somatic PSD release site, there was very little contribution of nearby spine-bound a7-nAChRs, suggesting a functional radius of È0.2 mm for ACh in this CG model synapse. Population simulations similarly predict that the amplitude of mEPSCs generated by a3*-nAChRs at a PSD is greater when there are no surrounding a7-nAChRs; the magnitude of the ACh sequestering effect of a7-nAChRs thus depends on the location of ACh release relative to nAChR distributions (Fig. 5B) .
Our finding that a7-nAChRs buffer the availability of ACh for binding to a3*-nAChRs suggests a role for spatial organization in determining intrinsic synaptic variability (18, 23, 25, 30, 38) . A similar, cleft-limited diffusion buffering has been observed at snail synapses in culture where the extracellular glial-derived ACh binding protein modulates synaptic transmission by competing for released ACh (39, 40) . In contrast, receptor subtype interactions do not appear to affect channel openings in a recent Monte Carlo model of a glutamatergic synapse (24) .
Conclusion. The computational model synapse strongly supports the ectopic release of synaptic vesicles as the predominant mechanism of activation of extrasynaptic a7-nAChRs at CG synapses. This conclusion makes sense given the limited effective ACh diffusion radius, the kinetic disparities between nAChR subtypes, and the principal contribution of the extrasynaptic, spine-bound a7-AChRs to many physiological measurements. The Kolmogorov-Smirnov analysis (Fig. 6F) verifies that in situ mEPSC distributions cannot be explained by traditional release patterns. (11) . (E) Cumulative probability plots of mEPSCs from CG whole-cell recordings (dotted blue line) (11) and mEPSCs for simulated ectopic-only (thick black), pan-calyx (middle thickness black), PSD-only release (thin black), and PSD-only with a7-nAChRs (gray) populations. (F) Contour plot of goodness-of-fit between simulated and experimentally recorded mEPSCs. Distinct simulated mEPSC populations were generated by varying the fraction of vesicles released over PSD versus ectopic sites and by varying the mean number of ACh molecules per quantum. The fraction of PSD vesicles was varied from 0 (i.e., 0% PSD and 100% ectopic) to 1 (i.e., 100% PSD and 0% ectopic). The goodness-of-fit of each of these populations to the population of recorded mEPSCs (11) was measured by the Kolmogorov-Smirnov test. The P value of the goodness-of-fit is shown in grayscale. Darker gray indicates increasing similarity between the simulated and experimental populations. The outermost contour line indicates the P 0 0.02 limit of confidence that the populations are dissimilar, and the inner line indicates the P 0 0.05 limit.
